Background. Invasive mold infections (IMIs) are common in individuals who have undergone hematopoietic stem cell transplantation (HSCT). We sought to determine clinical and biological risk factors for different IMIs during each period (early and late) after allogeneic HSCT.
PATIENTS AND METHODS

Study patients and definitions.
We retrospectively reviewed data from the Fred Hutchinson Cancer Research Center (FHCRC; Seattle, WA) for all patients who underwent allogeneic HSCT during the 5-year period from 1 January 1998 through 31 December 2002; this period predated the performance of a randomized trial to evaluate voriconazole as prophylactic therapy after allogeneic HSCT. All patients were identified by searching a prospectively maintained FHCRC database. Case patients with a diagnosis of proven or probable IMI were compared with patients without proven or probable IMI. This study was approved by the FHCRC institutional review board.
Only patients with IMI documented as proven or probable according to standardized definitions [15] were considered to be case patients. In brief, proven disease required clinical signs and symptoms compatible with IMI and histopathologic or microbiologic documentation of disease from biopsied tissue samples. Infection was considered to be probable if the fungus was identified by culture of bronchoalveolar lavage fluid or sputum samples and if the patient had signs and symptoms consistent with IMI. The day of diagnosis of IMI was the day on which the first diagnostic test was performed. For patients whose diagnosis was obtained from postmortem examination, the day of death was considered to be the day of diagnosis. IMI was considered to be early if diagnosed !40 days after HSCT, late if diagnosed 40-100 days after HSCT, and very late if diagnosed 1100 days after HSCT. The 1-year cumulative incidence of IMI was calculated according to year of transplantation. Patients with known IMI diagnosed before HSCT were excluded from the analysis. Patients who underwent 11 transplantation were also excluded from the study, with the exception of planned tandem transplantation (autologous HSCT followed by allogeneic HSCT).
Conditioning regimens, GVHD prophylaxis, and supportive care for allograft recipients at FHCRC have been described elsewhere [16] [17] [18] [19] . Standard care for prevention of candidiasis and cytomegalovirus (CMV) disease included fluconazole (400 mg per day) administered until day 75 after HSCT and administration of ganciclovir based on monitoring for CMV pp65 antigenemia. Patients were housed in rooms equipped with high-efficiency particulate air filtration. Patients who developed fever while they had neutropenia routinely received ceftazidime monotherapy, with the addition of an aminoglycoside and vancomycin when clinically indicated. If fever persisted 196 h despite administration of broad-spectrum antibiotics, amphotericin B (1.0 mg/kg or an equivalent dose of a lipid preparation) was added to the patient's regimen until resolution of fever and neutropenia.
Neutropenia was defined as a neutrophil count !500 cells/ mL, lymphopenia was defined as a lymphocyte count !300 cell/ mL, and monocytopenia was defined as a monocyte count !10 cell/mL. Hyperglycemia was defined as a glucose level 1200 g/ dL, hypoalbuminemia was defined as a serum albumin level !3 g/dL, and acidosis was defined as a serum pH !7.35. Infection due to respiratory viruses (parainfluenza, respiratory syncytial virus, and influenza viruses) was defined by the presence of signs and symptoms of either upper respiratory tract infection or pneumonia and identification of the virus with direct fluorescent antibody staining, shell viral culture, or conventional culture of respiratory secretions. Only those infections occurring before IMI were included as potential risk factors. To determine iron status, we recorded serum ferritin level, transferrin saturation, and bone marrow iron level. The relationship between serum ferritin and liver iron concentrations has been proved, and serum ferritin is an acceptable, valuable, indirect method for hepatic iron evaluation [20] . Blood transfusion frequency was also included as a marker of iron overload.
Variables and statistical analysis. Candidate host variables included sex, age, underlying disease and remission status, history of diabetes mellitus, laboratory analyses (iron studies and tests for hyperglycemia, acidosis, and malnutrition at time of diagnosis of IMI), and CMV serostatus of the donor and the recipient. Underlying disease was classified as good or poor risk: good-risk disease included acute leukemia in first remission, chronic myeloid leukemia in the chronic phase, myelodyplasia-refractory anemia, aplastic anemia, and nonmalignant hematologic diseases, whereas poor-risk disease included all other diagnoses. To identify risk factors related to HSCT, we evaluated conditioning regimen, stem cell source, myeloablative versus nonmyeloablative conditioning regimen, tandem transplantation, and donor type. Composite variables for stem cell source (bone marrow or peripheral blood stem cells) and donor type (unrelated, HLA-matched related, or HLA-mismatched related) were entered into the model. Cord blood recipients were identified as an independent variable, without accounting for HLA matching.
Quantification of RBC and platelet transfusions and laboratory markers of iron overload, cytopenias, acute GVHD (grade у3), chronic GVHD (clinically extensive), CMV disease (CMV detected by direct fluorescent antibody or cultured from bronchoalveolar lavage fluid or tissue samples), hyperglycemia, hypoalbuminemia, acidosis, and infection with respiratory viruses were included as time-dependent covariates. The highest daily dose of corticosteroids in prednisone equivalents (р1.9 mg/kg per day, 2.0-2.9 mg/kg per day, or у3.0 mg/kg per day) was calculated and entered into the risk factor model as a timedependent variable.
Associations in tables were analyzed by use of x 2 and 2 ϫ 2 Fisher's exact tests, when applicable. To identify risk factors associated with IMI after HSCT, multivariable Cox regression models were performed. Risk factors for early and late diseases were identified with 2 additional multivariable Cox regression models for early infection (diagnosed !40 days after HSCT) and late infection (diagnosed 40-100 days after HSCT). Forty days was chosen as a cutoff point to ensure that the early model reflected the immediate postengraftment period of neutropenia and to be consistent with previous analyses [1] .
RESULTS
Over the study period, a total of 1248 patients who underwent allogeneic HSCT were evaluated. One hundred sixty-three cases of IMI were diagnosed. The 1-year cumulative incidence of proven or probable IMI is shown in figure 1 ; incidence did not significantly vary from year to year (data not shown).
Among patients with IMI, Aspergillus species was the most common pathogen (found in 142 [87%] of the 163 patients), NOTE. ATG, antithymocyte globulin; CMV, cytomegalovirus; DϪ, donor negative; D+, donor positive; GVHD, graft-versus-host disease; RϪ, recipient negative; R+, recipient positive; RSV, respiratory syncytial virus; TBI, total body irradiation.
a Includes renal cell carcinoma (n p 10), biphenotypic leukemia (n p 10), paroxysmal noctural hematuria (n p 6), Waldenstrom macroglobulinemia (n p 3), acute megaloblastic leukemia (n p 3), malignancy not further differentiated (n p 2), systemic sclerosis (n p 2), plasma cell leukemia (n p 2), eosinophilic syndrome (n p 1), immunodeficiency not otherwise identified (n p 1), amyloidosis (n p 1), lymphoproliferative disorder (n p 1), medulloblastoma (n p 1), cervical carcinoma (n p 1), melanoma (n p 1), Ewing sarcoma (n p 1), acute leukemia not differentiated (n p 1), hairy cell leukemia (n p 1), and erythroblastic leukemia (n p 1). b р200 cGy. c 1200 cGy.
followed by Fusarium species (6; 4%), Zygomycetes (5; 3%), Scedosporium species (1; 1%), and Acremonium species (1; 1% (table 2) . In multivariable analysis, the only host variable independently associated with IMI was older age. After controlling for other variables, there was a trend toward higher risk observed with receipt of an HLA-mismatched graft. Multiple clinical transplantation complications independently increased the risk of IMI, including CMV disease, influenza and parainfluenza infection, and severe acute GVHD (grade у3). All cell-line cytopenias (neutropenia, lymphopenia,and monocytopenia) independently increased the risk of IMI. Other biological risk factors (hyperglycemia, high ferritin levels, and acidosis) were not statistically significant in the model that included other clinical complications. However, a high frequency of blood transfusions remained statistically significant in the overall multivariable model.
Infections were classified according to timing after HSCT, and risk factors were analyzed among the different periods. Of 163 cases of IMI, 36 (22%) were diagnosed early (!40 days after HSCT), 65 (40%) were diagnosed late (40-100 days after HSCT), and 62 (38%) were diagnosed very late (1100 days after HSCT). Among the subset of patients with non-Aspergillus infection, no cases were diagnosed early. The majority of patients with invasive zygomycosis (88%) received a diagnosis very late, whereas fusariosis was diagnosed late in 43% of cases and very late in 57% (figure 3).
Subanalyses were performed to determine risk factors associated with the development of early versus late IMI (table  3) . Because there were a limited number of events for multivariable analysis, time-dependent covariates were added singly to a baseline model that included receipt of antithymocyte globulin in conditioning, poor-risk underlying disease, and receipt of HLA-mismatched graft. In this model to predict risk factors for early IMI, poor-risk underlying disease, receipt of an unrelated-donor or HLA-mismatched HSCT, and receipt of antithymocyte globulin in conditioning were independently associated with IMI. When time-dependent covariates were added singly to the model, hyperglycemia, lymphopenia, elevated ferritin level, receipt of transfusions, CMV disease, and receipt of corticosteroids were all associated with increased risk of early IMI.
Risk factors associated with late IMI were also analyzed (table  3) . In this model, advanced age and female sex were host-related risk factors for late infection. No transplant-related factors were independently associated with IMI, whereas a number of transplant complications posed significant risks, including acute GVHD (grade у3), CMV disease, corticosteroid dose, and high frequency of blood transfusions. Notably, other markers of iron overload did not appear to be significant independent risk factors for late IMI.
There were too few IMIs caused by molds other than As- pergillus species to allow for multivariable models. To evaluate risk factors, we compared the 20 patients who had non-Aspergillus mold infections with patients without IMI and calculated risk in univariate analysis (table 4). Multiple transplant variables and complications were associated with high risk of IMI. Although receipt of blood transfusions was associated with a high risk of IMI, other biological indicators of iron overload, such as high bone marrow iron and ferritin levels, were marginally significant.
DISCUSSION
From 1998 through 2002, 163 (13.1%) the of allogeneic HSCT recipients at our center received a diagnosis of IMI, with the majority of IMIs being caused by Aspergillus species. However, because of the strict definition of invasive disease used in our study and variable diagnostic aggressiveness, these numbers may represent an underestimate. We did not witness an overt increase in the incidence of non-IA IMIs over the study period.
The vulnerability of HSCT recipients to IMI appears to be multifactorial, encompassing both classically recognized clinical risk factors (e.g., advanced age, receipt of HLA-mismatched cells, and late complications, such as CMV disease and GVHD) and other biological risk factors that can impact antifungal defenses (most notably, deficiency in multiple cell lines and iron overload). The risk of infection during the early and late periods after HSCT differs.
Consistent with other studies, our data show that a high proportion of IMIs develop late after HSCT. The shift from early to late IA after HSCT was noted in the 1990s [6, 10] and is probably attributable to changing transplantation practices, such as the use of peripheral blood as a stem cell source and nonmyeloablative conditioning, which result in attenuated cytopenias. We examined risk factors for the development of early (!40 days after HSCT) and late (40-100 days after HSCT) IMI. Early IMI is impacted by underlying disease and transplantrelated factors, such as unrelated and mismatched HSCT and receipt of antithymocyte globulin with conditioning. Biological risk factors associated with early IMI include hyperglycemia, parameters of iron overload, and lymphopenia. It follows that complications of HSCT should impact late IMI to a greater degree; these include CMV disease, a high frequency of transfusions, severe acute GVHD, and receipt of high doses of corticosteroids.
Previous studies have noted lymphopenia, neutropenia, and/ or monocytopenia as risk factors for IA and/or IMI; although these cytopenias have not been consistently identified in multivariable models [1, 9, 11, 21] , animal models have demonstrated that antifungal defenses involve more than neutrophil killing. For instance, Aspergillus-specific CD4 + T cell responses have long been recognized as important in regulating effective pulmonary inflammation and potentially adding antifungal effector activity [22] [23] [24] .
CMV disease was associated with the development of early and late IMI (a finding that has been noted in previous studies) [1, 9, 10] . The exact mechanism is not known; immune modulation of the virus [25] and/or ganciclovir-induced neutropenia probably contribute. We found a relationship between influenza and parainfluenza virus infection after HSCT and the development of IMI, although these covariates were no longer statistically significant in the subanalyses of early and late infection. Infection due to these viruses may function to affect local defenses against invasive molds [26, 27] . Alternatively, infection with these viruses could act as an indicator for other host risk factors that are as yet undefined and not controlled for in the analyses.
Acute GVHD, which typically presents in the first 30-60 days after HSCT, was independently associated with late IMI. Both acute and chronic GVHD were associated with non-Aspergillus IMI in univariate analysis. There are a number of reasons why we cannot directly compare these risk factor analyses. First, the numbers of cases of non-Aspergillus IMI did not support multivariable modeling; in IA models, different effects of GVHD are seen in adjusted models that contain treatment variables (e.g., corticosteroid use). Also, the non-Aspergillus IMI analysis was not restricted to day 100, because these infections predominately occurred late after HSCT. A related observation is the association between non-Aspergillus IMI and nonmyeloablative conditioning, which likely represents risk factors associated with severe GVHD late after HSCT.
Receipt of corticosteroids also increased the risk of IMI; this has been well established in earlier studies [1, 6, [9] [10] [11] . Corticosteroids affect the host immune response to Aspergillus species by preventing alveolar macrophage killing of phagocytosed Aspergillus fumigatus conidia [28] and by blunting alveolar macrophage production of proinflammatory cytokines (e.g., IL-1a and TNF-a) and chemokines (MIP-1a) that are important for recruiting neutrophils and monocytes [29] . Results of this study show alternative associations between steroids administered at different doses during the periods of risk (early vs. late IA). This may reflect the number of patients evaluated in each group or potentially reflect the intent of steroid administration. For instance, steroids may be administered at different doses depending on the underlying condition (e.g., GVHD vs. bronchiolitis obliterans organizing pneumonia), and the association could reflect the biologic impact of the underlying disease itself.
One of the aims of this study was to evaluate the impact of iron overload on the development of IMI after HSCT. Unfortunately, our analysis was limited by incomplete data for bone marrow iron and transferrin levels. Thus, the most valid predictors of iron overload included the number of blood and/or platelet transfusions, which is a relatively crude surrogate for potential iron overload, and serum ferritin levels. In all analyses, a high number of blood and/or platelet transfusions was independently associated with an increased risk of IMI. However, elevated ferritin level, which is a potentially better measure of iron overload, was identified as a risk factor only in the univariate and limited multivariable models, specifically for early IMI. It is important to note that ferritin levels can also be elevated during acute inflammatory conditions. Also, blood transfusions are associated with a down-regulation of the immune response and have been associated with increased risk of infection after liver transplantation; this finding is thought to be attributable to an immune modulating effect of the transfusion itself [30] , rather than to a long-term impact on iron levels. Most of the evidence for iron overload impacting on the risk of IMI comes from studies of zygomycosis. Maertens et al. [12] reported 5 cases of zygomycosis in allogeneic HSCT recipients, and iron overload was present in all 5 cases. In a study involving 365 patients with myeloma who underwent autologous HSCT, bone marrow iron level was an independent risk factor for the development of severe infection [13] . It may be that, in our cohort, frequency of transfusions and iron overload is a surrogate for underlying disease; for example, patients with myelodysplastic syndromes are likely to have a greater frequency of pre-HSCT transfusions. More studies should be performed to define the biologic explanation(s) underlying these associations. In our study, we describe the impact of several laboratorydefined risk factors ("biological risk factors"), because these function to increase our understanding of the pathobiology of IA and may enable development of more-specific preventative strategies that target mold infections. Results of other studies are uncovering associations between IA in HSCT recipients and polymorphisms in genes encoding proteins involved in immune responses to Aspergillus species. For instance, a polymorphism in donor Toll-like receptor 4 gene appears to increase the risk of IA after HSCT, as does a polymorphism in the recipient gene for plasminogen [31, 32] . How these polymorphisms impact pathogen-specific immunity and/or the development of underlying risk factors (e.g., GVHD) remains unanswered. It may be possible to use genetic information to develop more-targeted strategies to prevent mold infections in a more efficient manner than waiting for the development of disease or other (later) risk factors, such as GVHD.
The cohort of patients with data analyzed here underwent HSCT from 1998 through 2002; this period was chosen to predate the institutional use of voriconazole prophylaxis as part of a large, randomized trial. As an effect, contemporary risk factors for IMI, which depend on evolving transplantation and supportive-care strategies, may be different than those outlined. It would be of interest to evaluate risk factors in more-recent years, subsequent to changes in transplantation practices (e.g., increased use of nonmyeloablative conditioning) and adoption of different preventative strategies.
There are limitations to this study. Patients who received a diagnosis of possible IMI were included in the control group; however, because of the difficulty in establishing a proven or probable diagnosis, some of these patients may have had IMI. Thus, significant differences between the 2 groups may have been diluted. Also, the design of the study did not enable anal- ysis of environmental exposure to the organisms, which may have had a role in the risk of IA.
In conclusion, our single-center experience during the period 1998-2002 demonstrates a high incidence of IA and a stable, low incidence of other mold infections, including zygomycosis. Risk factors for early and late infection include host variables and complications of HSCT. Several biologic risk factors are identified; these include cytopenias, as expected, and iron overload. Recognition of these risk factors for IMI may enable the development of more-tailored strategies to prevent mold infections after allogeneic HSCT.
